The number of syntrophic butyrate-degrading bacteria in a ‰ooded paddyˆeld soil was 1.7×10 3 MPN W g dry soil. Butyrate was degraded to acetate and methane when paddy soils were incubated anaerobically with the addition of butyrate. However, butyrate degradation was completely suppressed by the addition of the speciˆc inhibitor of methanogenesis, 2-bromoethanesulfonate (BES) to the soil. A hydrogen-using methanogen, strain TM-8, was isolated from ‰ooded paddyˆeld soil. Strain TM-8 was identiˆed as Methanobacterium formicicum based on its physiology and phylogeny. Syntrophic butyrate-degrading bacteria were enumerated and isolated using strain TM-8. A syntrophic butyrate-degrading bacterium, strain TB-6, was isolated in coculture with strain TM-8 from paddy soil. The strain was Gram-negative, had curved rods, and grew on crotonate. Sulfate was not used as an electron acceptor. Strain TB-6 was closely related to S. wolfei subsp. wolfei. The relation between strain TB-6 and the members of Syntrophomonas are discussed.
Paddyˆeld soils are major sources of atmospheric methane. 1) In paddyˆeld soil, as in other anaerobic environments, methane is one of the end products of the anaerobic degradation of organic matter and is produced by a complex microbial community that consists of many diŠerent hydrolytic, fermenting, syntrophic bacteria and methanogens. Of these groups, syntrophic fatty acid-oxidizing bacteria in paddyˆeld soil are the least understood. Next to acetate the major methanogenic substrate, butyrate, is the principal fatty acid in paddyˆeld soils and is generated as an important intermediate in the degradation of organic matter. 2, 3) Butyrate is also recognized as a substance poisonous to rice plants. 4) Butyrate is degraded into acetate and methane in syntrophic association with butyrate-degrading bacteria and hydrogen-using methanogens. 5) To date, a number of anaerobic, syntrophic, butyrate-degrading bacteria have been isolated and characterized. Syntrophomonas wolfei (subsp. wolfei ) was theˆrst syntroph found to grow on butyrate. 6, 7) In addition, there are Syntrophomonas wolfei subsp. saponavida, 7) Syntrophospora bryantii, 8, 9) Syntrophomonas sapovorans, 10) Syntrophus aciditrophicus, 11) Thermosyntropha lipolytica, 12) Syntrophothermus lipocalidus, 13) and several unnamed strains SF-1, NSF-2, 14) BH, 15) FSM2, FSS7, and FM4. 16) All of these organisms were isolated from digester sludges, fresh water, or marine sediments. Butyrate-degrading microorganisms have so far not been isolated from paddyˆeld soil. The mechanism of anaerobic butyrate degradation has not been elucidated in paddyˆeld soil under sulfate-limited conditions. It is essential to understand the ecology and interaction between hydrogen-using methanogens and syntrophic butyrate-degrading bacteria in paddŷ eld soil. We studied syntrophic degradation of butyrate by enumeration, isolation, and characterization of a syntrophic butyrate-degrading bacterium and a hydrogen-using methanogen obtained from paddyˆeld soil. This is theˆrst report of a syntrophic bacterium that degrades butyrate in paddyˆeld soil.
Material and Methods
Media and cultivation conditions. The basal medium used for all cultivation was prepared as described previously. 17) The medium contained (g W l): KH 2 PO 4 , 0.2; NH4Cl, 0.25; NaCl, 1.0; MgCl2･6H2O, 0.4; KCl, 0.5; CaCl2･2H2O, 0.15. The medium was sterilized for 15 min at 1219 C. Sodium bicarbonate, sodium sulˆde, Se-W solution, trace element solution, and vitamin solutions were added to 1 liter of the autoclaved, cooled basal medium from stock solutions. NaHCO3 and Na2S were added to obtainˆnal concentrations of 30 mM and 1.5 mM, respectively. The pH of the medium was adjusted to 7.3 by the addition of 2.0 N HCl. The above-mentioned solutions were: (1) 1 ml of Se-W solution (mg W l) sterilized by autoclaving; Na2SeO3･5H2O, 3; NaWO4, 4; NaOH, 500; and (2) 1 ml of trace element solution (g W l) sterilized by autoclaving; ZnCl2, 0.07; MnCl2･ 4H2O, 0.1; H3BO4, 0.062; CoCl2･6H2O, 0.2; NiCl2･ 6H2O, 0.02; NaMoO4･2H2O, 0.04; CuCl2･2H2O, 0.02; FeCl2･4H2O, 1.5. (3) 1 ml of vitamin solution (mg W l) sterilized byˆltration; biotin, 10; 4-aminobenzonic acid, 40; thiamin, 100; (4) 1 ml of B12 solution (50 mg W l) sterilized by autoclaving. Cultivation was done at 309 C under an atmosphere of N 2 without shaking. Substrates were added aseptically to the autoclaved media from anaerobic stock solutions. The coculture of a synytophic butyrate-degrading bacterium, strain TB-6, and a hydrogen-using methanogen, strain TM-8, with 10 ml of 20 mM butyrate medium was started by inoculation with 1 ml of liquid culture of strain TB-6 grown on crotonate (10 mM) and strain TM-8 grown on H2 W CO2 (80:20, v W v; 2.0 kg W cm 2 ). The coculture of strain TB-6 with strain TM-8 was routinely maintained in 10 ml of 20 mM butyrate liquid medium by transferring it once every 2 weeks.
Soil experiments. The soil samples used in this study were obtained from a ‰ooded rice paddy at the Kanagi Farm of the Teaching and Research Center for Bio-coexistence at Hirosaki University. A total of 30 grams of soil samples plus 80 ml distilled water were put into a 140 ml-‰ask. Incubation was done with the addition of 20 mM butyrate and 20 mM butyrate plus 50 mM BES, respectively. The gas in the headspace of the ‰ask was replaced with N2. The ‰asks were closed with butyl rubber stoppers and were incubated at 309 C for 14 days.
Enumeration and isolation. For enumeration and isolation of butyrate-degrading bacteria in coculture with a hydrogen-using methanogen, a hydrogenusing methanogen, strain TM-8, was isolated from Kanagi soils. Flooded paddy soils were incubated in a 125-ml serum vial containing 100 ml of the basal medium with 30 mM butyrate. The culture was transferred into fresh butyrate medium every 1.5 months. The enrichment culture was transferred 4 times. The growth was measured by butyrate decrease and methane production. After three transfers, a hydrogen-using methanogen was isolated with an H2-CO2 medium using the roll-tube technique.
18)
The population of syntrophic butyrate-degrading bacteria in paddy soils was enumerated in coculture with a hydrogen-using methanogen as a syntrophic partner by combination of the agar shake technique 18) and the most probable number method. 19) One gram of soil sample (wet weight) was diluted by serial 10-fold dilutions in 9 ml of anaerobic dilution solution (0.3 g W l cysteine･HCl). The pH of the anaerobic dilution solution was adjusted to 7.3 by the addition of 1 N NaOH. 1 ml of 10 -3 through 10 -8 dilutions was inoculated into tubes containing 6 ml of 20 mM butyrate medium, and then 3 ml of 3z agar solution and 1 ml of actively growing culture of hydrogenusing methanogen, strain TM-8, isolated from the same paddy soil was added to each tube. The tubes were ‰ushed with N2 and incubated for 3 months. Colonies formed in the agar shake tubes were transferred into 20 mM butyrate liquid medium and incubated anaerobically. Growth was measured using a spectrophotometer at 400 nm and methane production after 2 months incubation. Tubes that had increased in optical density and methane production were counted as positive. The most probable number was calculated using MPN tables with three tubes. After enumeration, syntrophic butyrate-degrading bacteria were isolated from enumeration tubes of 10 -3 dilution in coculture with a hydrogen-using methanogen with a butyrate medium using the agar shake technique.
18) The purity of the hydrogen-using methanogens and syntrophic butyrate-degrading bacteria was checked microscopically.
Microcopy. Phase-contrast and epi‰uorescence micrographs were taken using wet mounts with an Olympus model BX50 photomicroscope. Auto‰uorescence of cells was observed with a V (BP-400-410) excitationˆlter.
Exponential phase cells of strain TB-6 grown on crotonate (10 mM) for electron microscopy were centrifuged at 10,000×g for 10 min and resuspended in basal medium. Cells were negatively stained with 0.5z phosphotungstic acid (pH 7.0) for 1 min and observed with a JOEL model JEM-2000EX transmission electron microscope operated at 80 kV.
Analytical methods. Bacterial growth was measured using a spectrophotometer at 400 nm with a Hitachi U-1100. Whole cell protein was measured according to the Lowry method with bovine serum albumin as a standard protein. 20) The generation time of strain TB-6 in coculture with strain TM-8 on butyrate (20 mM) and in pure culture on crotonate (10 mM) were measured from the linear portion of the growth curve by measuring the culture time taken to double its whole cell protein. Sulfate was measured colorimetrically as described previously. 21) Fatty acids, methane, and hydrogen were analyzed by gas chromatography. 17) Strain TB-6 cells grown on crotonate were lysed and genomic DNA was puriˆed by the method of Marmur. 22) Strain TM-8 cells were lysed by the freezing and thawing method of Meakin et al. 23) The G＋C content of the DNA was measured by high-performance liquid chromatography. 24) Sequencing and phylogenetic analysis. The 16S rDNA of strain TB-6 was ampliˆed by polymerase chain reaction (PCR) with a Proof Start DNA Polymerase Kit (QIAGEN). The PCR ampliˆcation primers were bacterial universal primers, S-D-Bact-0011-a-S-17 (5?-GTTTGATCCTGGCTCAG-3?; positions 11-27 of the Escherichia coli 16S rRNA gene) and S-D-Bact-1492-b-A-16 (5?-TACCTTGTTACG-ACTT-3?; positions 1507-1492).
25) PCR products were puriˆed with Micro Spin columns (Amersham Pharmacia Biotech) and were cloned into E. coli. JM109 using the pGEM-T Easy Vector System Promega Ligation kit (Promega). Cycle sequencing reactions were done using a Thermo Sequenase Cy5.5 dye terminator cycle sequencing kit (Amersham). The sequences of primers synthesized based on the 16S rDNA of Syntrophomonas species and the bacterial universal primer used for sequencing are described in Table 1 . The sequencing products were analyzed with a Seq 4×4 Gene Rapid automated DNA sequencer (Amersham). Sequence alignment and phylogenetic analysis were done with the multiple sequence alignment software CLUSTAL W. 26) All reference sequences were obtained from the DDBJ database. A phylogenetic tree was constructed by the neighbor-joining method.
27) The tree was evaluated using the bootstrap test based on 1000 replicates. 28) The sequence of strain TB-6 was deposited in GenBank, EMBL, and DDBJ databases under the accession number AB098336.
The 16S rDNA of strain TM-8 was ampliˆed by the polymerase chain reaction (PCR) using archaeal universal primers, ArckF (5?-TTGATCCTGSCGG-AGGCYACYGCT-3?; E. coli positions 13-37) and ArckR (5?-CCAGCCGCAGRTTCCCCTACGGC-3?; positions 1530-1508).
29) The sequence determination and analysis of strain TM-8 were done according to the same method as for strain TB-6 described above. Strain TM-8 was partially sequenced with the primers 0348aF (5?-TCCAGGCCCTACGCG-3?; E. coli positions 333-348), 30) A934bR (5?-GTGCTCCC-CCGCCAATTCCT-3?; E. coli positions 935-916), 31) and ArckF, described above. Sequences were compared with the BLAST program (NCBI). The sequence of strain TM-8 was deposited in GenBank, EMBL, and DDBJ databases under the accession number AB108496.
Results

Number of syntrophic butyrate-degrading bacteria in paddy soil
The number of syntrophic butyrate-degrading bacteria in the ‰ooded paddy soil was enumerated in coculture with a hydrogen-using methanogen as the syntrophic partner, which was isolated from the same paddy soil. The number was 1.7×10 3 MPN W g dry soil. After enumeration, agar shake cultures were used to isolate butyrate-degrading bacteria.
The eŠect of the addition of BES on butyrate degradation in paddy soils was examined with the soil samples of Kanagi. As shown in Fig. 1 , butyrate was completely degraded in the culture for 14 days when the soil was incubated with 20 mM butyrate. However, in the BES-amended soil the degradation of butyrate and the production of methane were suppressed during the total period of incubation. These results suggest that syntrophic butyratedegrading bacteria play an important role in butyrate degradation in paddyˆeld soil. To further investigate the syntrophic butyrate degradation in paddyˆeld soil, the isolation and characterization of a hydrogen-using methanogen and butyrate-degrading bacteria from paddyˆeld soil were done. Isolation of a hydrogen-using methanogen Butyrate enrichment developed 3 dominant microorganisms that degraded butyrate to methane after 6 months. The dominant microorganisms were mostly ‰uorescent rods and smaller numbers of ‰uorescent sarcina and curved rods. Colonies formed in the H2 W CO2 roll-tubes (10 -6 dilution solution) were white, round, and 0.3 to 1.0 mm in diameter after 5 weeks of incubation. After 2 subsequent dilution series in roll-tube cultures, a hydrogenusing methanogen was isolated from the butyrate enrichment culture from the 10 -6 dilution cultures. The isolated hydrogen-using methanogen was an auto‰uorescent rod, as shown in Fig. 2 . The isolate was designated as strain TM-8. The strain was used for enumeration and isolation of syntrophic butyrate-degrading bacteria.
Isolation of a syntrophic butyrate-degrading bacterium
A syntrophic butyrate-degrading bacterium was isolated in coculture with strain TM-8 from the enumeration tubes of 10 -3 dilution. Agar shake tubes were incubated for 4 to 6 weeks at 309 C until methane was detected in the gas phase. Two yellow colonies, 8 white colonies, and 5 brown colonies with a diameter of 0.5-1.2 mm were developed in the 10 -3 dilution agar shake tube. The yellow colonies grew on butyrate but the other colonies did not. The yellow colonies were transferred to tubes containing a butyrate liquid medium and by 2 weeks, visible turbidity was observed. In the positive tubes, non‰uorescent curved rods were observed in addition to rod-shaped cells of strain TM-8. Deˆned mixed cultures were obtained by 3 successive agar shake cultures. The purity of the binary coculture was checked by microcopy. No bacteria other than non‰uorescent curved rods and auto‰uorescent rod-shaped cells were observed. The non‰uorescent curved rods were designated as strain TB-6. A photomicrograph of the coculture with strains TB-6 and TM-8 in butyrate medium is shown in Fig. 3 . Butyrate-degrading bacteria were also isolated from the butyrate enrichment culture from which the hydrogen-using methanogen, strain TM-8, was isolated. The syntrophic butyrate-degrading bacteria isolated formed yellow, round colonies and the cells were shaped like the non‰uorescent curved rods.
The butyrate-grown coculture with strains TB-6 and TM-8 was grown in 10 mM crotonate medium containing 10 mM butyrate. The coculture was then transferred into 10 mM crotonate medium and growth occurred, and the cultivation was repeated twice. Then, strain TB-6 was isolated in pure culture from crotonate agar shake tubes. Three colonies formed in crotonate agar shake tubes (10 -6 dilution) were yellow, round, and 0.6-1.0 mm in diameter after 3 months incubation. Colonies were picked and transferred to 10 ml of liquid medium containing 10 mM crotonate. Organisms grown on crotonate were non‰uorescent, curved rods and cells of strain TM-8 and other bacteria were no longer observed after 2 subsequent dilution series in agar shake cultures. 
Characteristics of a Butyrate-degrading Bacterium in Paddy Soil
The growth of coculture with a butyrate-degrading bacterium, strain TB-6 and a hydrogen-using methanogen, strain TM-8
When strain TB-6 grown on crotonate was reconstituted with strain TM-8 in butyrate medium, growth occurred in the butyrate medium. However, the growth was completely inhibited by the addition of BES (20 mM) to the medium as shown in Fig. 4 . Strain TM-8 did not grow with an H2 W CO2 medium in the presence of BES (20 mM), while strain TB-6 grew on crotonate in the presence of BES (20 mM). The coculture degraded 20.7 mM butyrate to 37.6 mM acetate and 8.0 mM methane. The acetate that was formed was approximately the double concentration of the butyrate. We also found a diŠerence in the morphology of TM-8 cells between pure culture and coculture. The cells grown on H2 W CO2 in pure culture were long rods 2.0-6.6 mm long, whereas the cells grown on butyrate in coculture were short, straight rods 1.2-3.5 mm long.
Characterization of the hydrogen-using methanogen, strain TM-8
Strain TM-8 was Gram-negative, nonmotile rods and showed auto‰uorescence at 420 nm. It grew on H2 W CO2 and formate and did not grow on acetate, ethanol, or trimethylamine. The DNA G＋C content was 41.2 molz. The characteristics of the organism are summarized in Table 2 . A partial sequence (672 nucleotides) of the 16S rDNA was analyzed. The 16S rDNA sequence of strain TM-8 was compared with those of Methanobacterium species and showed the highest similarity of 99.9z (Table 3) with Methanobacterium formicicum strain FCam.
32)
Characterization of the syntrophic butyratedegrading bacterium, strain TB-6
Strain TB-6 was Gram-negative, slightly motile, curved rods with a size of 0.8-1.0 by 2.0-4.5 mm, and did not form spores. Negative staining showed the presence of two polar or subpolar ‰agella (Fig. 5) . The strain did not reduce sulfate. Strain TB-6 in coculture with strain TM-8 degraded butyrate, hexanoate, and caprylate to acetate, and degraded 2-methylbutyrate, valerate, and heptanoate to acetate and propionate. The fermentation products suggested that degradation of these saturated fatty acids occurred through b-oxidation. As shown in Table 4 , acetate, propionate, isoheptanoate, benzoate, fumarate, and glucose were not used as substrates. Crotonate was the only substrate that 
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allowed strain TB-6 to grow in pure culture, and was fermented to butyrate and acetate. The ratio of concentration of acetate to butyrate was about 4. The ratio was higher than that of crotonate fermentation by S. wolfei. 33) Strain TB-6 did not grow on crotonate at more than 30 mM concentration. Pyruvate and fumarate did not support the growth in pure culture. The doubling time of strain TB-6 during growth on crotonate was 3.6 days. The doubling time of strain TB-6 during growth on butyrate in coculture with strain TM-8 was 4 days. The growth temperature and pH range of strain TB-6 on butyrate in coculture with strain TM-8 were 20-409 C and 6.0-8.9, respectively. Amino acids and thiamin, biotin, B 12 vitamin, and 4-aminobenzoic acid were not required. In fact, a similar growth was obtained on mineral medium supplemented with and without B vitamins or casamino acids. The G＋C content of the DNA of strain TB-6 was 47.6 molz. Strain TB-6 displayed some morphological and physiological characteristics similar to a butyrate-degrading bacterium, Syntrophomonas wolfei subsp. wolfei (Table 4) .
A total of 1,563 nucleotides of the 16S rDNA from strain TB-6 were sequenced. According to the sequence analysis, strain TB-6 fell into the genus Syntrophomonas. The phylogenetic relations of strain TB-6 derived from 16S rDNA sequence analysis to other species is shown in Fig. 6 . Strain TB-6 was phylogenetically closely related to Syntrophomonas sp. MGB-C1 (similarity of 92.4z) and S. wolfei strain LYB (similarity of 91.9z). The evolutionary distance between strain TB-6 and S. wolfei subsp. wolfei was 90.1z (Table 5 ).
Discussion
The number of syntrophic butyrate-degrading bacteria was 1.7×10 3 MPN W g dry soil in the ‰ooded paddyˆeld soil. In this study, colonies of butyratedegrading bacteria formed in syntrophic association with a hydrogen-using methanogen isolated from the same paddy soil by the agar shake culture method, and the bacterial number were calculated according to the MPN method after measuring their grown on butyrate. We could not use a liquid medium for the enumeration of butyrate-degrading bacteria in Kanagi paddy soil. It was di‹cult to compare the concentrations of methane produced and butyrate consumed by microorganisms in each enumeration tube because butyrate-degrading bacteria were few in number. The number of butyrate-degrading bacteria was about 1 W 1000 compared with that of heterotrophic anaerobes, 10 6 order W g dry soil in Kanagi paddy soil (data not shown). Butyrate is considered to be degraded in syntrophic association with butyrate-degrading bacteria and hydrogen-using methanogens in paddyˆeld soil. Strain TB-6 stoichiometrically converted butyrate to acetate and methane in coculture with strain TM-8 according to the following equation.
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Up to now little has been known about butyratedegrading syntrophic bacteria during the anaerobic decomposition of organic matter to methane in paddyˆeld soils. In this study, a syntrophic butyratedegrading bacterium, strain TB-6, was isolated from a ‰ooded paddyˆeld soil using a hydrogen-using methanogen, strain TM-8, as a hydrogen-consuming partner. Strain TM-8 grew on H2 W CO2 and formate as substrates. According to Bergey's manual, 35) the strain belongs to Methanobacterium formicicum from the morphological and physiological characteristics and DNA G＋C content. 16S rDNA sequence analysis identiˆed M. formicicum as the closest phylogenetic neighbor. From these results strain TM-8 was identiˆed as M. formicicum.
Our previous paper 36) showed that Methanobacterium formicicum was the numerically dominant hydrogen-using methanogen in Kanagi paddy soil. Methanobacterium formicicum was able to grow on lactate in syntrophic association with a sulfate reducer under sulfate-deˆcient conditions. In this study, butyrate was not degraded by addition of the rDNA Sequence Comparison. The tree was constructed by the neighbor-joining method. Numbers at branch points represent the conˆdence levels (z) generated from 1000 bootstrap trails. Scale bar indicates 10 nucleotide substitutions per 100 nucleotides. Escherichia coli K-12 served as an out-group. The accession number is shown in the parentheses. 37) reported that propionate did not decrease with the addition of BES in the absence of sulfate. These results suggest that fatty acids are degraded in syntrophic association with hydrogenproducing bacteria and hydrogen-using methanogens in paddyˆeld soil under sulfate-deˆcient conditions. Methanobacterium formicicum seems to play an important role in anaerobic degradation of organic matter, especially syntrophic degradation of metabolites such as butyrate, ethanol, or lactate in ‰ooded paddyˆeld soil.
Strain TB-6 was nonsporing, Gram-negative, slightly motile, curved rods, and grew on saturated fatty acids such as C4 to C8 fatty acids in coculture with a hydrogen-using methanogen, and grew on crotonate in pure culture. From these morphological and physiological characteristics, strain TB-6 is considered more closely related to S. wolfei subsp. wolfei rather than S. wolfei subsp. saponavida.
7)
Strain TB-6, however, diŠered from S. wolfei subsp. wolfei in its characteristics of 2-methylbutyrate and isoheptanoate use. We could not compare strain TB-6 with Syntrophomonas sp. MGB-C1, because the morphological and physiological characteristics of Syntrophomonas sp. MGB-C1 have not been described. Strain LYB was identiˆed as S. wolfei, however, the morphological and physiological features of this strain have not been fully described. 38) Phylogenetically, as shown by the G＋C content and 16S rDNA sequencing, strain TB-6 fell into the genus Syntrophomonas.
7,16) Strain TB-6 was relatively distant from the members of Syntrophomonas as shown in Table 5 and Fig. 6 . Although strain TB-6 seems to be a fatty acid-oxidizing bacterium belonging to Syntrophomonas, further experiments are required to identify the physiological and phylogenetic characteristics of the strain TB-6.
